The incidence of vector-borne diseases such as malaria, dengue, African sleeping sickness, and tick-borne fevers is increasing. Given that current global control efforts have met with limited success, the need to develop novel interventions has become all the more vital. Successful discovery of such interventions is contingent on improving our understanding of how the pathogen interacts with its vertebrate host and also with its invertebrate vector. In this review we examine a premise developed more than 20 years ago (94) that emphasized the role of protein-carbohydrate interactions in microbial pathogenesis, and we present it in the context of vector-pathogen dynamics.
THE MIDGUT: THE PRINCIPAL PATHOGEN GATEWAY
The majority of vector-borne pathogens are acquired when the arthropod vector ingests an infective blood meal (113) . Consequently, the arthropod midgut serves as both barrier and gateway to pathogen invasion (97, 107) . The luminal face of the midgut epithelium is covered by a dense array of glycoconjugates that may act as a "glycan receptor-buffet" for a myriad of pathogens (107) . Arthropod midgut glycoconjugates are involved in general tissue structure and digestion (96, 107) . Also populating the midgut surfaces of arthropods are glycoconjugates that are involved in innate immunity (26, 79) . Included, but not necessarily exclusively belonging to this immune subset, are carbohydrate binding proteins (CBPs).
Protein-carbohydrate recognition can be mediated by cooperative hydrogen bonding, metal coordination, and van der Waals and hydrophobic interactions between the numerous hydroxyl groups that are present on glycans and amino acids within carbohydrate recognition domains (CRDs) (for reviews, see references 31 and 112) . Accordingly, CBPs have generally been classified into two major groups according to topological features of their CRDs (31, 93) . Group I proteins, exemplified by bacterial transport proteins, bear hidden or buried combining sites within pockets that completely enclose the carbohydrate ligand. On the other hand, group II proteins maintain shallow binding sites that allow for multiple binding events with oligosaccharide ligands. Members of group II include the classical lectin families-legume lectins, C-type lectins (CTL), galectins (formerly referred to as S-type lectins), and other plant lectins. Also included in group II are lectins and lectinlike proteins from human and animal pathogens, bacterial toxins (e.g., Bacillus thuringiensis toxin) (4) , and anticarbohydrate antibodies (32, 114) .
To date, most of the invertebrate CBPs characterized are members of group II lectins. Invertebrate lectins function as mediators of cell adhesion, opsonization, phagocytosis, and cytolysis and as defense molecules of the innate immune system for the recognition of nonself carbohydrate molecules on invading pathogens (51, 112) . Several invertebrate protein families involved in innate immunity and other functions also exhibit carbohydrate binding activity. While many of these molecules, including scavenger receptors (86) and lipopolysaccharide-binding and glucan-binding pattern recognition receptors (PRRs) (59) , fall into one of the classical CBP groups, e.g., C-type lectins (123) , others have not been classified specifically as CBPs though they bear CRDs characteristic of certain classical lectins. Their putative function as PRRs is further complicated by their conflicting and unintended role in facilitating pathogen survival, dissemination, and subsequent transmission to vertebrate hosts by serving as homing receptors, attachment anchors, and differentiating factors (10, 123) .
The putative dual role of invertebrate CBPs as PRRs and as pathogen receptor targets suggests at least four mechanisms by which protein-carbohydrate recognition events may facilitate pathogen survival and development in the arthropod host. The first mechanism involves pathogen carbohydrate binding adhesins that utilize arthropod host midgut glycans as initial attachment receptors preceding invasion of the midgut epithelium. The second mechanism is the promotion of attachment by arthropod CBPs themselves via recognition of glycans that are present either on glycosylated capsules or on membranebound glycoproteins of these pathogens. The third mechanism involves soluble CBP of vector origin that may act as a linker recognizing glycans on both the midgut and pathogen surfaces. CBP affinities for glycans are relatively weak. Hence, CBP binding requires a multiplicity of interactions between the CRDs and carbohydrate moieties. Therefore, one can speculate that the fourth and final possibility is that following the initial glycan recognition event, other coreceptors are recruited to strengthen the interaction. These molecules may be other CBPs on the pathogen, on the host cell, or a combination of both. Alternatively, coreceptors can be molecules that utilize protein-protein interactions between surface proteins at or proximal to the attachment site in a "zipper" or "Velcro" attachment effect (Fig. 1 ). As will become evident, this is a strategy that is common to most vector-borne pathogens.
ADHERENCE TO THE RULE: CONSERVED THEMES IN MICROBIAL ATTACHMENT TO INVERTEBRATE HOST TISSUES
The bulk of the evidence on the critical role of proteincarbohydrate interactions has been gained from the study of the interaction of vector-borne pathogens with their mammalian hosts. Several examples of putative adhesins and/or glycan receptors of vector-borne pathogens are presented in Table 1 . For several of the examples that will be discussed, the mechanism of that interaction still remains poorly understood. In such cases an analysis of the attachment/invasion process in mammals may provide some insight into the nature of the mechanism in the invertebrate.
Bacterial pathogens. The tick-borne rickettsial pathogens
Anaplasma phagocytophilum and Anaplasma marginale utilize host cell lectin-like molecules for attachment. The A. marginale major surface protein 1 (MSP1) complex is a heterodimer composed of MSP1a and MSP1b, and these subunits have been shown to be the primary rickettsial adhesins involved in attachment to tick and bovine cells, respectively (23, 24) . Antibodies against MSP1a or tick midgut antigens block A. marginale transmission to ticks (7) . The N terminus of MSP1a bears O-linked glycans on several motifs typical of mucins (37) . Removal of these glycans from the MSP1a functional domain resulted in a significant decrease in binding efficiency. This suggests that the glycans on MSP1a contribute extensively to attachment to tick cells and that MSP1a behaves primarily as a receptor for a tick CBP. Although several other tick-borne rickettsial pathogens express heavily glycosylated outer membrane proteins, only MSP1a and the Ehrlichia ruminatum mucin-like outer membrane protein have been shown to have a role in pathogen transmission through ticks (21, 22, 68) . Several studies have already reported lectin or lectin-like activity in the hemolymph, midgut, and salivary glands of soft and hard ticks (40, 55, 56, 61, 63) . However, only recently has a tick galectin-like protein (AY208827) been isolated and molecularly characterized from the midguts of Rhipicephalus appendiculatus ticks (A. Mulenga, personal communication).
Conversely to its putative mechanism of attachment in ticks, A. phagocytophilum uses bacterial lectin-like recognition for attachment to mammalian cells. A. phagocytophilum efficiently invades mammalian neutrophils through P-selectin mimicry (46) . Fucosylation of the leukocyte P-selectin glycoprotein ligand (PSGL-1) was found to be important, since PSGL-1- Pathogen glycan present on membrane or envelope glycoconjugates is bound by host cell CBP. (c) Reciprocal recognition, i.e., the "zippered" or "Velcro" effect, wherein multiple (n ϩ 1) CBP-glycan interactions, including putative protein-protein (P) coreceptor interactions, mediate adhesion.
expressing cells that were deficient in fucosyltransferase (Fuc-TVII) were inefficiently bound by neutrophils (11) . An A. marginale glycosylated adhesin, MSP2, may likewise mimic lectins, since it has been shown to adhere to bovine erythrocytes (J. de la Fuente, personal communication).
The strategy of attachment to tick cells through the use of endogenous arthropod lectins followed by the use of bacterial lectin-like and non-CBP molecules in mammalian cell invasion is not completely mirrored in other vector-borne bacterium models. Borrelia burgdorferi, the causative agent of Lyme disease, expresses two major outer surface (lipo)proteins (OspA and OspB) that are crucial for spirochete adherence to, and survival in, the tick midgut (34, 80, 101, 121) . For instance, anti-OspA and anti-OspB antibodies could confer transmission-blocking immunity in the tick midgut (80) . Additionally, through the use of recombinant protein constructs, it was shown that the two binding domains, found at the center and at the carboxy terminus of OspA, that are responsible for attachment to the tick were also capable of self-binding, thereby promoting coattachment of other spirochetes to tick midguts (80) . However, based on the use of deglycosylating enzymes, it was suggested that OspA adhesion is not mediated by glycans on tick midgut surface glycoconjugates (80) . These initial conclusions alone can be problematic, since mammalian deglycosidases may not work efficiently on either bacterial or arthropod glycoproteins due to unique carbohydrate branching modifications. Recently, the tick receptor for OspA (TRO-SPA) was identified (81) . Bacterially expressed recombinant TROSPA, which is essentially a deglycosylated form of the native 55-kDa tick midgut-specific glycoprotein, was capable of binding to OspA. The data support the idea that OspA-TRO-SPA affinity is indeed glycan independent. OspC, which is not expressed in resident spirochetes until their egress from the midgut into the hemolymph, has also been shown to be important for adherence and subsequent invasion of the tick salivary glands (82) . ospC knockouts adhered to and survived in the midgut but were incapable of invading the tick salivary glands. To date, the glycoconjugate receptors for both OspB and OspC are unknown, and therefore the roles of CBPs and glycans in this context remain unclear. VOL. 73, 2005 MINIREVIEWS 7799 While the action of the Osp family of proteins is certainly critical for spirochete adherence to tick tissues, they are not the only surface proteins that could be involved in glycan-mediated adherence. In fact, the Osp family of proteins may not act as CBPs for tick host cell glycoconjugates at all. That function may rely on other outer membrane proteins, such as those in the B. burgdorferi genome that have been identified as bearing the von Willebrand factor (vWF) A domain (GenBank/EMBL/ DDBJ accession no. AAC65016) (105) . This motif is well represented in other arthropod-borne pathogens (65) and may therefore play an accessory adhesion role early in the process of spirochete attachment to the tick gut. It has been shown that B. burgdorferi can bind glycosaminoglycans (GAGs) (52) . Therefore, the presence of vWF A domains, which have affinity for polyanionic oligosaccharides (65), provides one possible mechanism. In addition, an alternative mechanism, whereby Borrelia-tick interaction follows a reciprocal molecular system of recognition, has been proposed (41) . The authors argue that B. burgdorferi spirochetes express several glycosylated surface molecules that are components of the "slime layer," including OspA, OspB, and a major extracellular 83-kDa glycoprotein (30, 47) . These molecules could be targets of tick midgut tissue CBPs, as was described previously for tick-borne rickettsiae.
Research exploring the mechanisms by which Borrelia spirochetes invade mammalian tissues has found that borreliae employ several surface proteins with carbohydrate binding properties, allowing them to bind to several mammalian cell types. This cosmopolitan specificity may be indicative of the affinity of these spirochetes for common extracellular matrix (ECM) components, including glycolipids. Two B. burgdorferi decorin binding adhesins or lipoproteins (Dbp's), Dbp A and DbpB, have been characterized recently (42) . Both recognize decorin (a collagen-and ECM-associated proteoglycan) (42), collagen type I lattices (126) , and dermatan sulfate and heparin in mammalian tissues (84) . Another Borrelia GAG-binding protein (Bgp), which was identified by its ability to agglutinate erythrocytes, also has binding specificity for heparin (85) . It appears that Dbp's and Bgp's are complex molecules bearing recognition domains with affinity for both core protein and oligosaccharide. At present, it is not clear how these additional adhesins work in concert with the Osp proteins to promote attachment to mammalian tissues.
Borrelia spirochetes also have affinity for three neutral mammalian glycosphingolipids, galactocerebroside (GalCer), lactosylceramide (LacCer), and ceramide trihexoside, as well as two gangliosides (3) . GalCer is one of many types of glycosphingolipids which have already been shown to be receptors for pathogenic microorganisms (57) . The spirochete ligand for GalCer is most likely not OspA or OspB, since neither the recombinant OspA protein nor the monoclonal antibody to OspB blocked attachment to GalCer (3). On the other hand, these authors suggest that OspB may bind LacCer. Additionally, monosaccharide competitors were unable to block attachment. Taken together, the data indicate a role for multiple sugars (in a defined array) or even ceramide itself as a host receptor for bacterial attachment (57) , an interaction that is most likely mediated by a poorly understood class of adhesins.
The current data suggest that many of the molecules that are involved in vector and mammalian host adhesion may have promiscuous binding specificities, which have complicated their study. Yet this promiscuity does not seem to affect host species specificity or even tissue specificity. "Promiscuity," as opposed to "nonspecificity," suggests a consistent recognition of a defined molecular pattern, e.g., a carbohydrate ligand that may be present on a wide range of glycoconjugates. Alternatively, a peptide domain that shares structural features with an oligosaccharide, i.e., a peptide carbohydrate mimic, may also be recognized (17) . It is increasingly apparent that the pathogen's choice of strategy at various stages of development is the direct result of coevolution with corresponding hosts. As will be discussed, the same strategies are used by vector-borne viral and parasite pathogens.
Viral pathogens. The genus Flavivirus (family Flaviviridae) includes several arthropod-borne human pathogens. Four of these viruses, yellow fever virus, Japanese encephalitis virus, West Nile virus, and dengue fever virus (DEN), are transmitted by mosquitoes. Tick-borne encephalitis virus, as its name indicates, is transmitted by soft Argasid ticks. Flaviviruses are small enveloped particles that are believed to enter vertebrate and invertebrate host cells through attachment via the large enveloped glycoprotein E (also known as the viral attachment protein) followed by receptor-mediated endocytosis (117) .
The mammalian host receptors for the E glycoproteins of several flaviviruses and other viral families have been found to be heparan sulfate (HS) and chondroitin sulfate, which are highly sulfated, heterogeneous polyanionic GAGs that occur on a wide variety of ECM and cell membrane glycoproteins and proteoglycans (95) . HS-containing proteoglycans mediate endocytosis through either clathrin-coated pits or membrane rafts (5, 43, 62) . HS-dependent viral recognition, however, is believed to be restricted to the initial attachment event preceding invasion (62) . Potential HS-binding sites have been identified for the DEN type 2 (DEN-2) glycoprotein, which has been shown to have strong binding affinity for a decasaccharide form of highly sulfated HS (16) .
While HS appears to be a receptor for DEN invasion of mammalian cells/tissues, other host molecules (as coreceptors) may play a greater role in DEN infection of mosquito cells (39, 48, 49, 66) . From vertebrate studies, it has been shown that DEN-4 adhesion to Vero cells requires the involvement of a 74-kDa glycoprotein and that recognition of the receptor is sensitive to periodate but not heparinase treatment (63) . This suggests that DEN attachment in mosquito cells may follow a similar strategy, recognizing non-HS oligosaccharides on other surface glycoconjugates. DEN-2 has been shown to bind to two prominent glycoproteins of 6 and 80 kDa on Aedes albopictus C6/36 mosquito cells (74) . On the other hand, DEN-4 recognized another two glycoproteins of approximately 40 and 45 kDa on both C6/36 cells and mosquito midguts. Unlike the GAG-dependent adhesion of envelope proteins to vertebrate cells (48) , soluble GAG had no effect on DEN-2 adhesion to mosquito cells (48) , suggesting the involvement of non-HSbearing receptors. Unfortunately, since only neuraminidase was used to assess the carbohydrate components of the 67-and 80-kDa glycoproteins on C6/36 cells, which do not characteristically contain sialic acids, the exact nature of the carbohydrate moieties of the DEN-2 receptors remains unclear (100). Removal of glycans from the two DEN-4 mosquito glycoproteins did not affect viral adhesion, suggesting that viral CBPs are not involved (66) . Antibodies against either the viral en-velope or the mosquito glycoproteins blocked DEN-2 and DEN-4 attachment to mosquito cells (48) . The likelihood that antibody-mediated steric hindrance is the basis for these results complicates their interpretation, since virus receptors may associate as a receptor complex with other molecules. Altogether, the data suggest that different DEN serotypes may use diverse glycoprotein receptors (many of which remain unknown) depending on the specific host and host cell type. Interestingly, the DEN-4 ϳ45-kDa glycoprotein receptor is absent from the midguts of Anopheles albimanus (122) 
has not yet been identified, but there is some evidence suggesting that, as with DEN-4, recognition of insect tissues is GAG independent (116) .
Both the current DEN and SINV data preclude the involvement of viral CBP recognition of insect cell glycans. However, they do not rule out the potential role of neutral oligosaccharides on the viral membrane itself in attachment. The lectin concanavalin A (ConA), which preferentially binds mannose (Man), competitively inhibits DEN-2 attachment to insect cells by binding to Man residues on viral glycoproteins (61). Moreover, this recognition is specific, since soluble Man reversed the effects of ConA inhibition (49) . Wheat germ agglutinin (WGA), with specificity for N-acetylglucosamine (GlcNAc), likewise inhibited DEN-2 attachment to vertebrate cells (61); however, its inhibitory activity was not determined for C6/36 cells. While CBPs from insect cell lines have not yet been identified, the evidence for the involvement of host cell-specific lectins in viral adhesion to vertebrate tissues is well supported.
C-type lectins are a prime example of host cell molecules that are used by pathogenic microorganisms, and their potential role in vector-pathogen interactions deserves further study. C-type lectins (a class of Ca 2ϩ -dependent lectins) or proteins bearing CRDs that are characteristic of mammalian C-type lectins have been described for Drosophila melanogaster (29) and Anopheles gambiae. In mammals, C-type lectins provide sentinel immune cells with a means of molecular pattern recognition. C-type lectins on the surfaces of dendritic cells, such as DC-SIGN (dendritic cell-specific ICAM3-grabbing nonintegrin) or L-SIGN (liver/lymph node-specific ICAM3-grabbing nonintegrin), have been shown to bind mannose on complex hybrid glycan structures present on the glycosylated viral envelope proteins (33) . The binding of mannose increases viral binding affinity for the cell after initial HS recognition (33) . Among the many arboviruses, DEN and SINV have been shown to utilize this strategy for viral tropism during vertebrate infection and dissemination (10, 60, 72) . Additionally, there are early indications that N-linked glycosylation patterns on the envelope proteins of both these arboviruses are conserved between early-mosquito-stage virus (i.e., virions taken up in a blood meal from an infected vertebrate host) and virions in the salivary gland (53, 77, 92) . Thus, it is possible that conserved hybrid glycan structures on virus envelope glycoproteins are recognized by C-type lectin-like molecules within the mosquito midgut and other tissues, in a manner similar to the role of DC-SIGN and L-SIGN during viral attachment to vertebrate cells.
It can be envisaged that specific domains of the viral envelope glycoprotein are responsible for recognizing different glycans, e.g., anionic and neutral oligosaccharides, on mosquito midgut microvillar glycoproteins during initial attachment. However, it is the involvement of the coreceptor, e.g., a host cell glycoprotein with or without lectin-like activity, that is crucial for complete viral adsorption. In line with this argument, reciprocal coreceptor recognition may impart two layers of host selectivity, i.e., viral tropism for specific mammalian and invertebrate tissues. This is consistent with the fact that not all mosquitoes are competent vectors for flaviviruses. Therefore, vector competence is dependent on the contribution of critical glycan, CBP, and other protein coreceptors. This recognition mechanism may explain how some arthropod vectors (e.g., ticks and mosquitoes) can be infected with so many viruses (other than flaviviruses), how some viruses (e.g., West Nile virus) can infect so many arthropods, or how some arthropods (e.g., anophelines) are resistant to viral infection. Clearly, the relative contributions of protein or glycan receptors to arbovirus infection of mosquitoes require further investigation.
Parasitic protozoans. African trypanosomes, the causative agents of African sleeping sickness in humans and nagana in cattle, are transmitted by flies of the genus Glossina (tsetse flies). Trypanosomes display their major surface glycoproteins using a glycosylphosphatidylinositol (GPI) anchor, a glycosylation modification that is common to parasitic protozoans. Vertebrate bloodstream forms of Trypanosoma brucei express GPI-anchored variant surface glycoproteins that have been found to bear both high-mannose-type (Man9GlcNAc2) and complex hybrid N-linked glycans (50) . Procyclic T. brucei, the parasitic stage in the tsetse fly midgut, expresses procyclins, which are GPI-anchored major surface acidic glycoproteins. Procyclins appear to be generally restricted to Man5GlcNAc2 structures, despite the predisposition of trypanosomes to produce more-complex structures (50) . The occurrence of a single, dominant N-linked glycan structure on procyclins suggests that the oligosaccharide most likely serves a specific biological function in the fly midgut. Two forms of procyclins are expressed at different points during the life cycle of the trypanosome in the midgut. The GPEET form, which consists of repeating units of Gln-Pro-Glu-Glu-Thr (hence the single-letter acronym), persists for the first 7 days. This is followed by the expression of the EPEET form, which has a Glu-for-Gln substitution. The former is believed to have an aglycosylated N-terminal polypeptide chain, while the latter, which bears an N-linked Man5GlcNAc2 structure (50) , is crucial for trypanosome survival in the midgut and subsequent travel to the salivary glands (71, 118) .
It has been postulated that the attrition in numbers of procyclics that is observed during the first 4 days of infection in the VOL. 73, 2005 MINIREVIEWS 7801 fly midgut is a result of specific carbohydrate-lectin interactions, which in turn modulate the transmission of trypanosomes in the tsetse fly (118) . Earlier work suggested the presence of a Gal-or Glc-specific lectin-like protein in the fly midgut, because the addition of either monosaccharide to a trypanosome-infectious blood meal resulted in higher infection rates in tsetse flies (118) . The bacterial endosymbiont Sodalis glossinidius resides in the tsetse fly midgut, where it catalyzes the production of GlcNAc from chitin (19) . GlcNAc, in turn, putatively inhibits the effect of midgut lectins. Consequently, the removal of Sodalis by use of antibiotics decreases the number of established trypanosome infections in the gut. Additional evidence supports the role of fly lectins in regulating tsetse fly infections, since it has been shown that the legume lectins ConA, WGA, and Ricinus communis agglutinin have binding affinity for different species of Trypanosoma (75) . Moreover, ConA has been shown to induce a novel form of apoptosis among EP-procyclic forms (87) , suggesting the presence of a ConA-like lectin in the fly midgut. GPEET procyclics are not recognized by ConA, suggesting that a different lectin, with specificity for Gal or Glc, may recognize the glycan core of the GPI anchor and could control parasite numbers during the earlier stages of infection (71) . The TsetseEP protein was recently characterized from the midgut of Glossina morsitans morsitans (14, 45) . TsetseEP is a soluble protein complex that bears several Glu-Pro repeats and is strikingly similar to trypanosome EPEET procyclic. It also shares several structural features found in insect lectins and exhibits weak agglutinating activity that is competitively inhibited by D-glucosamine (14) . Interestingly, TsetseEP has been found to be upregulated in response to bacterial challenge, suggesting a role in fly immunity (45) . However, a comparison of midgut glycoproteins from G. m. morsitans mutant strains that are more susceptible to trypanosome infection with those of the wild type revealed that the most upregulated protein was TsetseEP (44) . It is certainly possible that TsetseEP involvement in immunity is restricted to bacterial challenge and that its upregulation results in increased trypanosome survival in the gut. TsetseEP protein expression in wild-type G. m. morsitans is generally weak (14) and may correlate with the fly's relative refractoriness to infection compared to mutant trypanosome-susceptible strains. Further studies using different trypanosome species in combination with various fly species of differing susceptibilities will help elucidate this issue. Additionally, further characterization of other midgut lectins that have been identified from an expressed sequence tag (64) library may yield a functional homolog of ConA and other known lectins.
The sandfly-Leishmania parasite interaction provides the best-understood model of the importance of protein-carbohydrate recognition for parasite transmission (for a comprehensive review, see reference 99). Leishmania promastigote lipophosphoglycans (LPGs) are protein-free molecules containing the GPI core structure of Man␣1-4GlcNAc␣11-6myo-inositol but lacking conjugate core proteins and ethanolamine substitutions. The common backbone among LPGs is a repeating dissacharide unit composed of PO 4 -6Gal␤1-4Man␣1 with varying degrees of substitution of C-3 of Gal with Glc moieties (54) . LPG has been implicated as the primary glycoconjugate involved in sandfly-parasite interactions (9, 90, 91, 98) . It has been shown that allowing sandflies to first feed on mice that have been immunized with LPG and subsequently feed on nonimmunized, Leishmania-infected mice prevents normal development of the parasite in the gut (108, 109) . Anti-LPG antibodies presumably affected the presentation of specific capping monosaccharides on LPG glucose side chains, thereby indirectly regulating promastigote attachment to the sandfly midgut (6) .
For several years the nature of the sandfly midgut receptor for LPG remained elusive. Recently, a 35.4-kDa galectin was characterized in Phlebotomus papatasi, the primary vector for Leishmania major (54) . Galectins are a widely distributed family of ␤-galactoside-binding lectins that contain one or two CRDs with significant sequence homology (112) and are often involved in predominantly carbohydrate mediated cell matrix lattice formation and cell-cell and cell-matrix adhesion (8) . It seems that sandfly galectins are involved in defining vector susceptibility or refractoriness, since recognition by P. papatasi midgut galectins has been shown to inhibit other Leishmania spp. from successfully developing in the fly. In a similar fashion, mammalian galectins have been shown to be critical in Leishmania interactions with host cells (88, 89) . Galectin-3 and especially galectin-9 not only display species-specific recognition for poly-␤-Gal epitopes on Leishmania major but also facilitate L. major adhesion to host macrophages.
Although several studies have outlined the critical role of carbohydrates in the Plasmodium parasite-mosquito dynamic, interest in this line of experimentation has never fully developed, nor has it been extensively reviewed. It has been shown that a panel of legume lectins are capable of binding distinct oligosaccharides on the luminal face of the mosquito midgut (119) . The importance of this carbohydrate recognition to Plasmodium development in the mosquito was then elegantly demonstrated in an ex vivo assay that showed that Plasmodium ookinete binding to the luminal face of the midgut was inhibited by periodate treatment (128) . This was then further corroborated by data showing that several legume lectins (e.g., jacalin and WGA) significantly inhibited ookinete binding to putative midgut carbohydrate receptors (127) . More recently, an anticarbohydrate antibody against mosquito midgut microvillus epitopes was shown to completely inhibit Plasmodium development (27) . Furthermore, the ability of this antibody to recognize its cognate mosquito carbohydrate receptor was significantly inhibited by jacalin (which is specific for Gal moieties on O glycans) and WGA by a competition enzyme-linked immunosorbent assay (28) , suggesting that the antibody shares similar glycan specificities with these two lectins. To date, the identity of the midgut glycoprotein target(s) is unknown.
There is evidence to suggest that malaria parasite ookinete ligands have carbohydrate recognition properties. Plasmodium, like its apicomplexan relatives, uses adhesive gliding motility for active penetration of host cells (102) . Although the substrate for this motility in insects has not yet been fully defined, it is assumed to be a combination of glycoconjugates on vertebrate cells in the blood meal, the mosquito peritrophic matrix (a complex chitinous sac that envelops a blood meal), and carbohydrates on epithelial glycoproteins or glycolipids. Two parasite micronemal adhesive proteins, the membranebound circumsporozoite-and thrombospondin-related adhesion protein-related protein (CTRP) and the secreted vWF A-domain-like-related protein (WARP), are predominantly expressed on Plasmodium ookinetes (reviewed in reference (65, 125) . For example, at the N terminus, CTRP contains six A-domains (25, 110, 124) whereas WARP contains only one (65, 125) . In addition, CTRP shows evidence of seven repeated thrombospondin-1 (TSP-1)-like domains (25, 110, 124) . CTRP knockout mutants are incapable of in vivo establishment in the anopheline mosquito (25, 106) , and polyclonal antibodies to WARP inhibited parasite invasion of the mosquito midgut (1) . These data suggest that the vWF A-domains on both WARP and CTRP may play a critical role in the midgut invasion process. TRAP, CTRP, and WARP have been shown by enzyme-linked immunosorbent assay to have binding affinity for heparin (65, 69) . A more sophisticated assay using surface plasmon resonancebased technology (Biacore) showed that TRAP, as an entire molecule, has higher binding affinity for heparin than the vWF A-domains alone (2). This is most likely due to the contribution of the TSP-1 repeat domain on TRAP to heparin affinity. The vWF A-domains were also found to have two putative ligand-binding surfaces, a metal-binding site and a putative heparin binding site. In this study, however, sulfatides were shown to be incapable of completely inhibiting sporozoite infectivity for HepG2 cells, suggesting the presence of uncharacterized hepatocyte glycan or glycoconjugate receptors. In mosquitoes, TRAP, vWF A-domain, and TSP-1 knockout mutant parasites were incapable of invasion of mosquito salivary glands, but gliding motility remained unaffected (67) . It remains to be seen whether surface plasmon resonance analysis of CTRP and WARP will confirm heparin specificity, especially given that GAGs or specific anionic polysaccharides have not yet been identified in mosquito midguts. It is quite likely that several critical parasitic proteins are involved in the orchestrated actions of gliding, attachment, and invasion. Recently, proteins belonging to the Limulus clotting factor C, Coch-5b2, and Lgl1 (LCCL)-lectin adhesive-like protein family were shown to be conserved across different Plasmodium species (111) . The proteins are predominantly expressed in mosquito stages and are believed to have putative carbohydrate binding properties. However, the presence of multiple glycoconjugate receptors arrayed as a defined plasma membrane microdomain with putatively conserved glycan epitopes on mosquito cells has yet to be shown. Alternatively, there is some evidence for the involvement of a reciprocal arthropod recognition mechanism. Two CTL from the mosquito hemolymph, CTL4 and CTLMA2 (a mannose binding CTL), have been found to protect malaria parasites from melanization (79) . Another hemolymph CTL, the mannan-binding lectin, has also been reported to have agglutinating activity (15) ; however, its role remains unclear at present. It is possible that mannanbinding lectin activity is opposite from that of CTLMA2, with a role more analogous to that of vertebrate mannan binding protein (70) , which is involved in innate immune recognition.
Other mosquito CBPs, such as the PRRs IGALE20 and gramnegative binding protein, which are upregulated in response to infection, have not yet been shown to have a direct effect on parasite development (120) . Plasmodium sporozoites that are inoculated into the vertebrate bloodstream during mosquito blood feeding make their way to the liver. Hepatocyte homing and attachment are believed to be mediated by the circumsporozoite (CS) protein and TRAP (35) . CS recognizes HS proteoglycans (HSPG), which extend out through the endothelium from the basolateral surfaces of hepatocytes (12, 13, 36, 83, 104) . Heparin, soluble heparan sulfate, and other sulfatides [Gal(3-SO4)␤-ceramide], but not chondroitin sulfate A, have been shown to inhibit sporozoite recognition of HepG2 cells in vitro (13, 36) . It was also found that antibodies against CS inhibited liver invasion, presumably preventing effective homing to the liver by blocking recognition of liver receptors, including HSPG and potentially other glycoconjugates.
Like CTRP (discussed earlier) and CS, TRAP displays binding affinity for heparin, heparan sulfate, dextran, and fucoidin but not for chondroitin sulfate A, which may correlate with parasite tropism (65, 69) . The heparin binding domains for CS and TRAP consist of a conserved region II-plus adhesive motif (CSVTCG) (73) and TSP-1 repeats, respectively, both of which are clusters of basic and hydrophobic residues downstream of two cysteines. Such a cluster is also found on other cell adhesion molecules such as F-spondin, thrombospondin, and properdin. In addition, TRAP contains an A-domain that can independently bind to heparin (2, 65, 69) . It is believed that in addition to assisting CS in homing to the liver, TRAP is also responsible for gliding motility and active invasion of hepatocytes (78) . It is possible that to overcome the low-affinity recognition of GAG chains on HSPG, the sporozoites could either aggregate CS and/or utilize other sulfatide binding domains on TRAP in conjunction to increase its avidity for HSPG. However, the specific role of A-domains on TRAP as an adhesin was recently revised. Deletion mutants of the Adomain and TSP-1 of TRAP exhibited decreased invasive capabilities but maintained gliding motility and initial hepatocyte adhesiveness (67) . The authors also found that while TSP-1 binding was HS dependent, A-domain binding was not. The data do not, however, contradict the evidence showing that A-domains by themselves have binding affinity for HS, but more importantly, they are indicative of the multivalent nature of this TRAP module for other unidentified glycan or protein receptors on hepatocytes.
The ability of sporozoites to adhere to cells suggests that CS may play a more dominant role in homing to the liver by acting as the primary adhesin. Based on these data, the reciprocal glycan recognition strategy proposed earlier, whereby liverassociated CBPs facilitate adherence by recognizing parasitic glycans, does not seem likely during liver invasion. However, this possibility cannot be ruled out, since several sporozoite surface proteins are GPI anchored and it is not clear whether recognition of the glycan moieties on these anchors by hepatocyte lectin-like proteins is involved in the observed adherence of A-domain or TSP-1 deletion mutant parasites. Furthermore, these protein-carbohydrate interactions represent only those that occur during the preerythrocytic stages of the parasite life cycle; there is further evidence for similar interactions occurring during the infection of red blood cells (reviewed more extensively elsewhere [38] ).
SUMMARY
Extensive evidence for the role of protein-carbohydrate recognition mechanisms in vector host-pathogen interactions has VOL. 73, 2005 MINIREVIEWS 7803 been unveiled, but growth in this field has been hampered by the lack of molecular tools to study the interface between these two classes of molecules. In addition, other factors have also delayed progress in this field: for example, the general perception that prokaryotic proteins cannot be glycosylated or the assumption that all carbohydrate modifications are similar to those that have been described for mammals. Finally, underappreciation of the function of glycans beyond cell sorting, protein folding, and simple "decoration" has also contributed to the slowness of progress.
To date, the bulk of the research effort in studying proteincarbohydrate interactions between vector-borne pathogens and their host cells remains focused on the vertebrate life stages. Although the protein-carbohydrate recognition theme is, in general, conserved, there is clear evidence of modifications or variations to this theme. The literature suggests that distinct pathogen adhesion domains most likely play different roles depending on the nature of the host cell: vertebrate or invertebrate. Therefore, it may not be appropriate to extrapolate between the two groups of organisms. Despite the variations to the overall theme, one recognition event is clearly conserved across the different vector-borne pathogens. The convergent evolution of several unrelated microbial-pathogen molecules (e.g., CTRP, bacterial lipoproteins, and viral E glycoproteins) with affinity for host cell glycoconjugate polyanion carbohydrates, such as heparan sulfate, is unmistakable. This may in part result from the indistinct requirements for "consensus" heparin binding motifs of proteins. Clusters of six to eight alternating basic amino acid residues have been shown to be the requisite factors for recognition of sulfated polysaccharides (2, 20) .
Pathogen recognition of glycan receptors represents the first, critical step of a very complex series of events leading to host cell invasion. The evidence suggests that molecular recognition is likely reciprocal, where low-affinity primary attachment to one set of glycoconjugates is strengthened by other coligands and coreceptors from both the pathogen and its host. Inhibiting this initial step by use of conventional methods as well as more novel approaches, such as oligosaccharide mimics or antiglycan antibodies, could result in a reduction in disease transmission. For example, antiglycan antibodies that are taken up by a mosquito along with an parasite infective blood meal can mask parasite glycan receptors that are critical for attachment (27) . Clearly, one of the difficulties lies in developing a multivalent inhibitor that can effectively overcome the Velcro-like attachment. While this is no easy task, it is likely that glycobiological analyses will make significant contributions toward resolving the mechanisms of attachment of vectorborne pathogens to their invertebrate hosts.
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